The effect of pickling treatment on the pitting corrosion of hyper duplex stainless steel was investigated in a highly concentrated chloride environment. Increasing the pickling time in 10 vol% HNO 3 + 5 vol% HF solutions at 328 K improved the resistance to pitting corrosion by increasing the pitting potential and passive region. There are two primary reasons for the considerable enhancement of the corrosion resistance of the hyper duplex stainless steel pickled for 20 h. First, the oxide scale and Cr-depleted areas which decrease the resistance to pitting corrosion were removed. Second, chromium oxide (Cr 2 O 3 ), chromium trioxide (CrO 3 ), molybdenum dioxide (MoO 2 ), molybdenum trioxide (MoO 3 ), tungsten dioxide (WO 2 ) and tungsten trioxide (WO 3 ) in an oxide state, chromium hydroxide (Cr(OH) 3 ) and molybdenum oxy-hydroxide (MoO(OH) 2 ) in a hydrooxide state, chromate (CrO 4 2¹ ) as corrosion inhibitor in an ion state, ammonium (NH 4 + ) elevating the pH in an ion state, and chromium nitride (CrN) acting as a precursor for the formation of Cr 2 O 3 in the nitride state were increased and assisted in improving the corrosion resistance.
Introduction
Duplex stainless steels (DSSs) with nearly equal fraction of ferrite (¡) phase and austenite (£) phase are increasingly being used for various applications such as desalination facilities, the off-shore petroleum industry, power plants and chemical plants due to their high resistance to stress corrosion cracking and pitting corrosion, good weldability, excellent mechanical properties and relatively low cost owing to the addition of low Ni, as compared with austenite stainless steels (ASSs). 13) In general, it is well known that super duplex stainless steels such as UNS S32750, UNS S32760 and UNS S32550 are defined as duplex stainless steels with a PREN (Pitting Resistance Equivalent Number (PREN) = [mass% Cr] + 3.3 ([mass% Mo] + 0.5 [mass% W]) + 16 mass% N 4, 5) ) of 4045. Hyper duplex stainless steel (HDSS) such as UNS S32707 is defined as a highly alloyed duplex stainless steel with a PREN in excess of 45. 4) The manufacturing of stainless steels is a complicated process involving several steps; firstly a hot or cold rolling process, followed by an annealing process and finally finished by a pickling operation. Under these conditions, a continuous oxide layer is formed on the surface of the base material and a Cr depleted area is formed beneath the oxide layer. Accordingly, the resulting oxide layer and Cr depleted region which decrease the localized corrosion resistance should be completely removed after the heat-treatment. 6) The effect of the pickling process on the corrosion resistance of stainless steels has been previously investigated. Grubb 7) reported that the highly corrosion-resistant alloys such as UNS N08367 super austenitic stainless steel (SASS), were pickled more slowly than the standard UNS S30403 and S31603 austenitic stainless steels (ASSs) in HF + HNO 3 solution. Covino et al. 8) found that the dissolution rate of UNS S30403 ASS in HF + HNO 3 solution was increased with increasing HNO 3 concentration from 0.4 to 1.5 M and increasing HF concentration. Donik 9) showed that the pickling efficiency of UNS S31803 DSS in HF + HNO 3 solution increased with elevated temperature.
However, because it is difficult to locate studies that have quantitatively elucidated which elements of the pickled HDSS, with high concentrations of N, Mo, W, Cr and Ni, have contributed to the corrosion resistance by being a specific chemical species on the surface film in an HF + HNO 3 solution, further in-depth research analysis of the surface film is required. Particularly, it is necessary to investigate an oxide layer and Cr-depleted area formed on the solution annealed HDSS at high temperature.
In this work, the effect of pickling treatment on the pitting corrosion of the HDSS in a highly concentrated chloride environment was investigated using a potentiodynamic anodic polarization test, scanning electron microscope and energy dispersive spectroscope (SEM-EDS) analysis of the oxide layer, a glow discharge spectrometer (GDS) analysis of the oxide layer, an X-ray photoelectron spectroscopy (XPS) and a scanning Auger multi-probe (SAM) analysis of the surface film.
Experimental Procedures

Materials, heat treatment and pickling process
The HDSS was manufactured using a high frequency vacuum induction furnace and then hot rolled into plates of 15 mm thickness. The alloy was cut and solution annealed for 3 min per 1 mm of thickness at 1453 K in air and then quenched in water. The alloy was pickled to remove an oxide layer formed on the solution annealed alloy in 10 vol% HNO 3 + 5 vol% HF solution at 328 K for 5, 10, 15 and 20 h, respectively. The chemical composition of the alloy is shown in Table 1 . It is defined that the pickled specimen and the non-pickled specimen are with and without pickling process after heat treatment, respectively. Base metal is the heattreated metal whose oxide layer and a Cr-depleted area are removed by polishing instead of pickling.
Analysis of oxide layer
In order to analyze the morphology, thickness and chemical composition of the oxide layer formed on the solution annealed HDSS at 1453 K in air, the alloy was milled by a focused ion beam (FIB) toward a vertical direction of the oxide layer. FIB-SEM-EDS (AURIGA SMI3050SE and Bruker XFlash μ 5030 Detector attached to a SEM) line and dot mapping analysis of the cross-sectional oxide layer formed on ¡-phase and £-phase in the HDSS were performed.
Electrochemical test
In order to analyze the effect of pickling time on the pitting corrosion of the HDSS, potentiodynamic anodic polarization tests were performed in a deaerated 0.0002 N HCl + 5.13 N NaCl solution of pH 4 at 343 K. The electrochemical characteristics of the pitting potential (E p ) and passive region (¦E p ) were measured from the potentiodynamic anodic polarization curves. The test was performed at a potential range of ¹0.4 V SCE to +1.1 V SCE at a scanning rate of 1 mV/min using a saturated calomel electrode (SCE) as a reference electrode.
Surface analysis
The specimens used for surface analysis were ground with SiC paper to 2000 grit, then polished with a 1 µm diamond paste and washed with acetone (CH 3 COCH 3 ). The chemical compositions of each phase were analyzed using an SAM (a ULVAC PHI700) for both pickled and Base metal sample. The Ar sputtering rate was approximately 5 nm/min.
The chemical species in the outermost surface film formed on the alloy after the pickling treatment in 5 vol% HF + 10 vol% HNO 3 solution at 328 K for 10 and 20 h, respectively, were analyzed using an XPS (a VG SCIENTIFIC ESCALAB 250). The chemical species in the outermost surface film that formed naturally on the base metal (substrate) of the non-pickled alloy were analyzed for comparison purposes using an XPS. The energy source was an AlK¡ (1486.6 eV) X-ray and the acquired spectra were calibrated with a binding energy of C 1s (284.5 eV). Figure 1 shows the FIB-SEM cross-sectional oxide layer formed on the HDSS. The mean thickness of the oxide layer is approximately 3 µm. The maximum of thickness of the oxide layer is approximately 5.8 µm and the minimum of thickness of the oxide layer is approximately 1.6 µm. Figure 2 shows (a) the FIB-SEM image of the crosssectional oxide layer, (b) EDS line analysis and (c) EDS analysis of oxide layer formed on the ¡-phase and £-phase in the HDSS solution annealed at 1453 K in air. The thickness of the oxide layer formed on the ¡-phase is thicker than that of the £-phase (Figs. 2(a) and 2(b)). This oxide layer formation behavior is due to the difference of crystal structure between the ¡-phase and £-phase. The ¡-phase has a body centered cubic (BCC) structure and the £-phase has a face centered cubic (FCC) structure. The atom can move easier in the ¡-phase than in the £-phase and the diffusion rate of an atom in the ¡-phase is faster than that in £-phase because the atomic packing factor (68%) of the BCC structure is lower than that (74%) of the FCC structure. 9) Table 2 shows the content of Cr in the oxide layer on the ¡-phase is higher than that on the £-phase. This difference of chemical composition of the oxide layer is greatly affected by the difference in chemical composition between ¡ and £ phases in the substrate. That is, the content of Cr is higher in the ¡-phase in the substrate because Cr is the ¡-phase stabilizer. Figure 3 shows the SEM-EDS mapping analysis of alloying elements in the oxide layer formed on the HDSS solution annealed at 1453 K in air. The outer layer is enriched in Fe and Mn, and the inner layer is enriched with Cr. This result is similar to that analyzed from the GDS (a LECO GDS 850A) depth profiles of the oxide layer formed on the HDSS solution annealed at 1453 K in air (Fig. 4) .
Results and Discussion
Analysis of the oxide layer formed on the solution annealed HDSS
XRD (X-ray Diffraction) (a RIGAKU D/max-3A) analysis of the oxide layer formed on the HDSS solution annealed at 1453 K in air indicates that the oxides in the scale on the HDSS are mainly Fe 3 O 4 , MnCr 2 O 4 and Cr 2 O 3 (Fig. 5) . For the outer oxide films, there is higher Mn content than that in the substrate. The addition of Mn into the FeCr alloys has an adverse effect on the oxidation resistance, which is due to the fact that MnO is thermodynamically more stable than Cr 2 O 3 , and that Mn has a higher diffusivity than Cr in ironbased alloys at elevated temperatures. The presence of Mn in the alloys with high Cr content usually leads to the formation of Mn oxides or more complex Mn-containing spinel oxide.
1012) The middle layer of Mn-rich oxide was formed as a result of the rapid diffusion of Mn cations outward through the initially formed Cr-rich layer. However, the Mn content in the oxide film is not high enough to form an independent oxide phase, but only to dissolve in the Cr oxide. Furthermore, as a kind of ferrite stabilizing element, Cr in the oxide film is much higher than that in the substrate.
7)
Based on the results of SEM-EDS mapping, GDS and XRD analyses, it was found that the oxide scale consists of an outer layer enriched with Fe and Mn cations, and an inner layer enriched with Cr cation. Figure 6 shows the comparison of [Cr/(Cr + Fe)] of the oxide layer formed on the HDSS solution annealed at 1453 K in air with that of the HDSS pickled for 20 h in 5 vol% HF + 10 vol% HNO 3 solution at 328 K using GDS. This indicates that a Cr-depleted area exists in the substrate metal surface beneath the oxide layer of the solution-annealed HDSS whereas the Cr-depleted area is removed by the pickling treatment. Figure 7 (a) shows the effect of pickling time on the potentiodynamic anodic polarization behaviors of the HDSS in a deaerated 0.0002 N HCl + 5.13 N NaCl solution at 343 K. In general, the potential for passive film breakdown is defined as the pitting potential (E p ). The resistance to pitting corrosion of an alloy increases with an increase in the pitting potential (E p ) and the width of passive region (¦E p = E p ¹ E f ). For the HDSS pickled for 20 h, as the potential increases above the Flade potential (E f ), the dissolution rate decreases to a very small value and remains essentially independent of the potential over a considerable potential region. This is termed ¦E p .
Effect of pickling treatment on the potentiodynamic anodic polarization behavior
After the potentiodynamic anodic polarization test of the HDSS in a deaerated 0.0002 N HCl + 5.13 N NaCl solution at 343 K, the equilibrium of oxygen evolution potential (E SHE ) (H 2 O ¼ O 2 + 4H + + 4e ¹ ) was calculated in order to confirm the pitting potential (E p ) of the species from the following formula (1). The pH of the test solution is about 4.
The equilibrium oxygen evolution potential is approximately 956 mV SHE .
Hence, the E p of the non-pickled, pickled alloys and base metal shown in Fig. 7(b) is pitting potential. But, potential of pickled alloy for 20 h is not pitting potential. Because, the abrupt increase of current density for pickled alloy for 20 h occurs at the potential higher than the oxygen evolution potential (712 mV SCE ). As shown in Figs. 7(a) and 7(b) , the E p and ¦E p values increased with an increase in pickling time. Accordingly, it was found that the optimum pickling time to obtain a resistance to pitting corrosion which is equivalent to the base metal is approximately 20 h. Table 3 shows the chemical composition of ¡-phase, £-phase and the oxide layer on the pickled HDSS analyzed using SEM-EDS. The content of O in the HDSS pickled for 10 h is larger than that of the alloy pickled for 20 h. This leads that oxide layer are remained on the surface of species after pickling process for 10 h.
By comparing the composition of the passive films formed on the ¡-phase and £-phase of the HDSS pickled for 20 h with that of base metal by SAM depth profiles, it is possible to clarify an increase of the corrosion resistance by the pickling treatment. Taking the half-height of the oxygen in Fig. 9 as an estimate of the film/substrate steel interface, 13) the passive films formed on base metal require approximately 2.57 min of sputtering on the ¡-phase and 3.71 min of sputtering on the £-phase, respectively, whereas the passive films formed on the pickled HDSS alloys require approximately 3.76 min of sputtering on the ¡-phase and 4.59 min of sputtering on the £-phase, respectively. Adopting a sputtering rate of 0.7 nm min ¹1 , the passive films on base metal are 1.8 nm thick on the ¡-phase and 2.6 nm thick on the £-phase, respectively, whereas the passive films on the pickled HDSS are 2.6 nm thick on the ¡-phase and 3.2 nm thick on the £-phase, respectively. The thickness of the passive films formed on these alloys are similar to that (13 nm) of the commercial stainless steels. The passive film of the pickled HDSS is thicker than that of base metal. Based on the result of SAM analysis of the surface film, the alloying elements of Cr, Mo, W and N are enriched in the passive film formed on both the ¡-phase and £-phase of the HDSS pickled for 20 h, compared with that of base metal.
In order to elucidate the reason why that the HDSS pickled for 20 h improved the resistance to pitting corrosion, the chemical species in the outermost surface film on the HDSS were analyzed using XPS analysis; the results are presented in Fig. 10 . The binding energy of each chemical element used for the XPS analysis is given in Table 4 In summary, the oxide layer formed on the HDSS solution annealed at 1453 K in air, and the mechanism of the pickling treatment for enhance the resistance to pitting corrosion of the HDSS are schematically presented in Fig. 11 . As shown in Fig. 11(a) , the oxide scale consists of an outer layer of iron oxide (Fe 3 O 4 ), a middle layer of manganese and chromium oxide (MnCr 2 O 4 ), and an inner layer of chromium oxide (Cr 2 O 3 ). A Cr-depleted area beneath the oxide scale is formed. There are two primary reasons for the considerable enhancement of the corrosion resistance of the HDSS pickled for 20 h. First, the oxide scale and Cr-depleted zone which decrease the resistance to pitting corrosion were removed. Second, these Cr, Mo and W related oxides, 14, 15) Cr and Mo related hydroxides, 14, 16) chromate (CrO 4
2¹
) as corrosion inhibitor, 14) ammonium ion (NH 4 + ) elevating the pH, 17) and chromium nitride (CrN) acting as a precursor for the formation of Cr 2 O 3 18) were increased and assisted in improving the corrosion resistance. 
Conclusions
In this work, the effect of pickling treatment on the pitting corrosion of the HDSS in a highly concentrated chloride environment was investigated using a potentiodynamic anodic polarization test, SEM-EDS analysis of the oxide layer, GDS analysis of the oxide layer, XPS and SAM analysis of the surface film. From the results of these tests, the following conclusions have been drawn. 
